The polyadenylation signal of mammalian hepadnaviruses is unusual in that its hexanucleotide element is the variant UAUAAA rather than AAUAAA. This signal functions inefficiently and must be augmented by multiple activator elements located in the upstream 400 nucleotides (nt) to promote efficient processing. Here we characterize one of these upstream elements, termed PS2, in the ground squirrel hepatitis virus. PS2 is located within the 107 nt 5' to the UAUAAA and raises the efficiency of polyadenylation by this signal from <10%o to 50 to 60%o. It can function independently of the more 5' activator elements and conversely is not required for their function. Its action is orientation dependent, and a predicted stem-loop structure within the element is not necessary for its activity. PS2 is the sole upstream element that maps within the terminal redundancy of viral genomic RNA. Thus, it is present, together with the UAUAAA, at both the 5' and 3' ends of this RNA. During genomic RNA synthesis, the poly(A) signals in the 5' repeat are bypassed, while those in the 3' copy are used. The ability of PS2 to function independently of the other, more upstream activators suggests that the absence of the latter elements from the 5' redundancy is insufficient to account for bypass of the 5' poly(A) site, as we had earlier proposed. Rather, the short distance from the cap site to the UAUAAA at the 5' end of genomic RNA actively suppresses its use, as this suppression can be experimentalBy relieved by increasing this distance to 230 to 400 nt.
The majority of eukaryotic mRNAs are processed at their 3' ends by cleavage and poly(A) addition rather than ending as a result of a direct transcriptional termination event. The 3'-processing (polyadenylation) signal is composed of the hexanucleotide AAUAAA and usually a G/U-or U-rich region located 10 to 30 nucleotides (nt) downstream. These elements are required both in vivo and in vitro for accurate processing to occur (5, 6, 9, 10, 13-17, 20-22, 24, 28, 40-42) . Transcription proceeds beyond the polyadenylation signal and is followed by a precise endonucleolytic cleavage event and subsequent addition of approximately 200 adenosine residues to the newly formed 3' ends. Over the past several years at least four components which are involved in the cleavage and polyadenylation reaction have been described biochemically (11, 12, 34) . One polyadenylation factor (known variously as PF2, CPF, or SF2) has been shown to directly interact with the hexanucleotide (18) , followed by the binding of a cleavage factor to the downstream G/U cluster (11, 12) . At least two additional factors are required for the subsequent cleavage and polyadenylation reactions. It has been proposed that the stability of the cleavage and polyadenylation complex on a particular RNA molecule determines its processing efficiency (39) .
In addition to the universal requirements for the hexanucleotide and G/U cluster, certain transcripts harbor a third class of cis-acting elements that enhance the efficiency of polyadenylation. These sequences are located at various distances upstream of the hexanucleotide and have been identified in a number of viral genomes, including simian virus 40 (SV40) (3), adenovirus (7) , ground squirrel hepatitis virus (GSHV) (26) , cauliflower mosaic virus (29) , and human immunodeficiency virus (2, 4, 8, 35, 38) . Although function-ally similar, these elements share little or no sequence homology, and the mechanism by which they exert their effect remains unclear.
Polyadenylation in the hepadnaviruses presents several unusual features that bear on the function of these elements. First, the mammalian hepadnaviruses employ a variant hexanucleotide (UAUAAA) rather than the canonical AAUAAA. This signal functions inefficiently, both in vivo and in vitro (see references 26 and 29 and below). Previous work from our laboratory described sequence elements upstream of the GSHV poly(A) signal that increase the processing efficiency of that signal (26) . These elements are dispersed over a 250-to 400-nt region 5' to the hexanucleotide; deletions in two contiguous, nonoverlapping regions within this interval impair polyadenylation to various extents, suggesting that multiple cis-acting elements may be present.
This unusual polyadenylation signal is also subject to an additional level of control during viral replication. Hepadnaviruses replicate by reverse transcription of an RNA intermediate. The RNA template for this reaction is terminally redundant, with a copy of the hexanucleotide and G/U cluster in each copy of the redundancy. In order to make this genomic RNA, the signal present in the 5' copy must be ignored, while that in the 3' copy must be efficiently recognized. Since the 5' repeat contains only 107 nt 5' to the UAUAAA, it contains only some of the upstream activator sequences present at the 3' end of the RNA. In an earlier report we suggested that the absence of the complete complement of activator elements might account for the bypass of the 5' poly(A) signal (26) . In this paper we further characterize the activator element (termed PS2) located within these proximal 107 nt and consider its implications for the regulation of polyadenylation in the virus replication cycle.
Activation of core poly(A) signals by PS2. Our earlier studies (26) the context of an intact GSHV transcription unit. In that work, deletions from -96 to -43 (relative to the first nucleotide of the UAUAAA as +1) resulted in a significant impairment of polyadenylation efficiency and led to the proposal that this region may contain an activator element. To investigate the function of this putative processing signal (termed PS2) independently of other GSHV activating elements, we have asked whether PS2 sequences can activate the GSHV core poly(A) signals when placed in a heterologous transcript. The test transcript in these experiments is a src cDNA driven by the SV40 early promoter; various GSHV poly(A) signals are cloned into its 3' end ( Fig. 1) . Downstream of these signals we have placed a second poly(A) signal from the SV40 early region; transcripts which fail to be processed by the GSHV signals can be polyadenylated by the downstream SV40 signals. COS cells were transfected with these plasmids, and poly(A)+ RNA was examined by Northern (RNA) blotting with a src DNA probe.
The levels of transcripts processed at the GSHV poly(A) signal and those reading through to the SV40 poly(A) signal were quantified with a phosphorimager (Molecular Dynamics). The ratio of these transcripts provides a measure of the processing efficiency of the GSHV poly(A) signal. But (4) . The sizes of the protected fragments vary because of different amounts of 3' src DNA sequence present in the different constructs. Predicted products of 214, 187, and 120 nt represent transcripts processed at the GSHV poly(A) signal, and products of 604, 577, and 510 nt represent read-through transcripts. These are shown by arrows to the right. Lane numbers correspond to the numbered constructs shown in panel A. Molecular weight markers shown to the left are pBR322 DNA digested with MspI. PU, wild-type undigested probe; PD, wild-type digested probe. In the RNase protection analysis, the calculations of processing efficiency included a correction factor which accounted for the U and C content of the probe. src mRNAs produced by clones src.GSHV-43 and src.G-SHV-107 (Fig. 1A) were measured by actinomycin D chase experiments; these studies revealed that all of these transcripts displayed similar stabilities (data not shown).
In agreement with earlier results (26, 31) , when the GSHV core polyadenylation signals (the UAUAAA and G/U box, -43 to +832) are placed in such a construct they function extremely inefficiently (<10%; Fig. 1B, lane 1) . Identical results were obtained with a construct containing only 8 bp upstream of the GSHV poly(A) signal (data not shown). When a mutation was introduced to convert the noncanonical UAUAAA to the canonical AAUAAA, (construct src.GSHV-43/A), processing at the GSHV site rose to 50 to 55% efficiency, as judged by annealing to a src DNA probe (Fig. 1B, lane 2) . (This differs from our earlier estimate of the efficiency of this mutant (<20% [26] ); we have since found that the GSHV probe used in those experiments preferentially anneals to the read-through transcript, leading to underestimation of the true processing efficiency.)
To investigate the ability of PS2 to activate the GSHV core poly(A) signal, sequences from -107 through +832 were cloned downstream of the src gene (Fig. 1A) . Transfection of COS cells with this plasmid shows that PS2 increases the processing efficiency of the core GSHV poly(A) signal from <10% (Fig. 1B, lane 1) to 55% (lane 3). Likewise, PS2 increases the processing efficiency of a poly(A) signal containing a canonical hexanucleotide from 55 to >95% (lane 4).
A potential stem-loop structure contained in this region does not play a role in 3'-end processing efficiency. An RNA sequence with a predicted stem-loop secondary structure is found just upstream of the GSHV UAUAAA motif (23); this sequence forms an important part of the encapsidation signal for genomic RNA. To determine whether this structure is also involved in polyadenylation, two deletions, called SLi and SL2, were introduced into src.GSHV-107 (Fig. 2) . These constructs were each transfected into COS cells, and poly(A)+ RNA was harvested 48 h posttransfection and analyzed by Northern blotting using a src probe (Fig. 2) . As before, src.GSHV-107 bearing the wild-type PS2 region directs 60% processing at the GSHV poly(A) signal. Deletion of the left portion of the stem (mutant SL1) by removal of sequences from -68 to -41 reduced processing at the GSHV site to 20%. But deletion of the right portion of the stem (nt -32 to -8, mutant SL2) still allowed processing with 55% efficiency at the GSHV poly(A) signal. Thus, although the sequences between -68 and -41 are critical for PS2 function, sequences 3' to -32 are not essential for PS2 function; therefore, the predicted stem-loop structure in this region cannot be required for activation of polyadenylation.
To determine whether PS2 sequences could activate polyadenylation in an orientation-independent way, GSHV sequences between -43 and -107 were inverted relative to the core poly(A) signals in SL2 (construct INV). As shown in Fig. 2 (lane 4) , this mutant directs 3' processing with an efficiency of <10%, similar to constructs lacking PS2 altogether. Therefore, PS2 functions in an orientation-specific manner to increase the processing efficiency of the GSHV poly(A) signal. This finding is consistent with the idea that PS2 functions as an RNA element, but further studies will be required to establish this firmly.
Additional upstream activating elements exist in GSHV. We have previously shown (26) that a deletion removing sequences from -229 to -135 had a deleterious effect on GSHV processing efficiency in a transcript containing 1.8 kb of viral sequences. This suggested that additional regulatory elements upstream of PS2 might be present in the genome. To better define these sequences we constructed the plasmids shown in Fig. 3A and assayed them by COS cell transfection and Northern blotting as before. Figure 3A shows that chimeric src.GSHV RNAs bearing increasing amounts of GSHV sequences from the hexanucleotide (+1) to -107, -172, and -247 were processed with progressively increasing efficiency (60, 75, and 90%, respectively; lanes 1 to 3). As previously reported (26, 27) , inclusion of sequences to -397 restored full processing (lane 4). Therefore, the overall effect of all of the upstream activating sequences between -400 and -43 is to increase the processing efficiency of the noncanonical GSHV poly(A) signal from <10 to >95%. To determine the ability of these more distal upstream sequences to act in the absence of PS2, we made a deletion from -105 to -41 in the context of the wild-type GSHV genome (Fig. 3B) . Wild-type (pGSpA.wt) and mutant (pGSpA.wtAPS2) constructs were each transfected into COS cells and poly(A)+ RNA was harvested at 48 h posttransfection. Northern analysis was conducted using an RNA probe which contained GSHV sequences from -1235 to -400. As expected (26) , processing efficiency is >95% when 1,800 bp of contiguous upstream GSHV sequences are present 5' to the poly(A) signal (lane 1). RNA analysis of transcripts generated from construct pGSpA.wtAPS2 (lane 2) shows that a deletion of PS2 causes a decrease in processing efficiency from >95 to 75%. Therefore, while removal of PS2 has a clear effect on the efficiency of polyadenylation in GSHV, the remaining signals do retain significant function in its absence, indicating that they do not act through this element.
VOL. 66, 1992 7594 NOTES Cap proximity suppresses the use of the 5' poly(A) signal in genomic GSHV RNA. As noted above, genomic GSHV RNA is terminally redundant, with each copy of the redundancy containing the core poly(A) signals (UAUAAA and G/U box). Our present work indicates that PS2 (-107 to -43) also falls within this redundancy (Fig. 3B) . The location of PS2 in genomic GSHV RNA raises some special questions about the mechanism of regulated polyadenylation in this transcript. We have previously shown that in authentic GSHV infection the 5' copy of this signal is efficiently bypassed, being processed with <10% efficiency; similar results are obtained in COS cells transfected with constructs in which the SV40 promoter is positioned within 180 nt of the GSHV UAUAAA (26) . How is this signal bypassed at the 5' end of genomic RNA yet utilized at the 3' end?
In our previous work (26) we suggested that the absence of the more upstream activating signals (i.e., those between -107 and -397) from the 5' redundancy might account for bypass of the 5' poly(A) signal. But our present data ( Fig. 1  to 3) show that when the signals from -107 to +400 (i.e., PS2 plus UAUAAA plus the G/U box) are cloned at the 3' end of a 1.8-kb src mRNA, they can be utilized at ca. 50 to 60% efficiency, even without the influence of the more upstream activating signals. This is much higher than the processing efficiency observed when the same region is at the 5' end of the RNA (26) . These observations suggest instead that something about the position of the signals in the transcript can affect their function.
Clues to the nature of this position effect can be gleaned from cognate processing reactions in other viruses. Retroviruses and caulimoviruses also synthesize terminally redundant genomic RNAs, and in these RNAs, as in GSHV, core poly(A) signals exist in each redundancy. Recently, examination of regulated polyadenylation in these viruses has indicated that the close proximity of the 5' poly(A) site to the cap site may interfere with its utilization (4, 16, 30, 38 ). Accordingly, we tested the idea that a similar mechanism might operate to suppress premature polyadenylation of GSHV transcripts at the 5' poly(A) signal.
To do this, we constructed the plasmids depicted in Fig.  4A , in which various lengths of src DNA were cloned upstream of GSHV sequences from -107 to +400. All these constructs therefore contain the processing signals (PS2 plus UAUAAA plus the G/U box) that would normally be present at the 5' end of viral genomic RNA, separated from the cap site by various distances. These plasmids were transfected into COS cells, and poly(A)+ RNA was harvested 48 h posttransfection and subjected to RNase protection analysis using the probe diagrammed in Fig. 4A . This probe contains GSHV sequences from -107 to +400 and 95 nt of upstream src sequences; the sizes of the probe fragments protected by the different RNAs generated by the constructs of Fig. 4A will differ slightly because of the variable extent of the src sequences in these constructs. Protected fragments of 214 nt (lanes 1 and 2), 187 nt (lanes 3 to 5) and 120 nt (lane 6) represent transcripts processed at the GSHV poly(A) signal; protected fragments of 604 nt (lanes 1 and 2), 577 nt (lanes 3 to 5), and 510 nt (lane 6) represent read-through transcripts. Figure 4B , lane 6, shows that a construct with a cap site-poly(A) signal proximity of 170 bp directs inefficient processing: as in GSHV genomic RNA, processing occurs at <5% efficiency at this site. However, insertion of 50 to 230 nt of src sequences into this construct (Fig. 4A ) was sufficient to allow the processing efficiency of the GSHV poly(A) signal to increase to 50% (Fig. 4B, lanes 5 and 6) . As expected, further increase of the distance between the SV40 promoter and poly(A) signal to 1.8 kb did not materially improve the efficiency of processing above 60% (the maximal efficiency of the PS2 plus UAUAAA plus G/U motifs).
As an additional finding in these experiments, we note that as the distance between the cap site and poly(A) signal was decreased, the overall level of steady-state RNA decreased as well (compare RNA levels in lanes 1 to 3 with those in lanes 4 to 6). Similar effects on RNA accumulation have been noted by many other groups in studies in which promoters and poly(A) signals have been closely approximated (2, 4, 16, 38) . We have previously demonstrated that this finding is not due to instability of the RNA generated from the shorter constructs (4) . Although the mechanism underlying it is not yet clear, we have shown that this phenomenon is distinct and separable from that involving poly(A) site suppression (4): even poly(A) sites that are not efficiently suppressed by cap proximity display this behavior.
To determine whether the distance-related suppression of poly(A) site use demonstrated in Fig. 4B could be observed in additional contexts, we constructed the clones shown in Fig. 5 . Two pairs of constructs are shown; the members of each pair differ from one another only in the distance between the cap site and poly(A) signal. Note that while the extent of GSHV sequences present within each pair is the same (-247 to +832 or -172 to +832), each pair contains additional activator elements upstream of PS2 (Fig. 3A) . Thus, these constructs are expected to polyadenylate more efficiently than their cognate clones of Fig. 4 , which contain PS2 alone. These plasmids were transfected into COS cells, and cytoplasmic RNA was examined by RNase protection using the probe diagrammed in Fig. 4A . The results (summarized in Fig. 5 ) demonstrate that even in the presence of additional upstream activating sequences, the efficiency of poly(A) site use is decreased when the poly(A) signal is placed closer to the cap site (compare processing efficiencies of constructs 1 and 2 and compare those of constructs 3 and 4).
The results in Fig. 4 (26) . This model was based on the observation that inclusion of these GSHV sequence elements (-397 to -107; Fig. 3A) between the cap site and the UAUAAA reconstituted efficient poly(A) addition (26) . However, Fig. 4 shows that this effect can be largely accounted for by the spacing effect of the sequences. These findings indicate that the mechanism of poly(A) site selection in these viruses more closely resembles that postulated by us and others for retroviruses (4, 16, 38) . Both viruses must suppress polyadenylation at the 5' copy of the terminal redundancy in their genomic RNAs, and in both cases proximity to the cap site appears to be the principal factor involved in this suppression. But there remain important differences of detail. In hepadnaviruses, the core poly(A) signals have been crippled by an alteration of the hexanucleotide, making them strongly dependent upon upstream activators to allow efficient processing. We suggest that in these viruses the principal role of the upstream elements is to promote efficient polyadenylation at the 3' end of genomic and subgenomic RNAs. Without the contribution of these elements, viral replication and gene expression would be expected to be severely disabled. By contrast, retroviruses employ a canonical AAUAAA hexanucleotide, which functions (in conjunction with its G/U box) at ca. 60% efficiency (4, 16 We do not yet understand biochemically how the cap site-to-poly(A) site distance influences the 3' processing reaction. Nor is it clear mechanistically how upstream activator sequences enhance poly(A) addition. Further insight into these questions will likely require examination of the cleavage and polyadenylation reactions in vitro, using RNA templates bearing the appropriate hepadnaviral cisacting elements. Recent advances in the study of polyadenylation in vitro (1, 12, 18, 19, 25, 33, 36, 37) may now make this possible.
